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ABSTRACT
When measuring the value of the Hubble parameter, 𝐻0, it is necessary to know the recession
velocity free of the effects of peculiar velocities. In this work, we study different models of
peculiar velocity in the local Universe. In particular, we compare models based on density
reconstruction from galaxy redshift surveys and kernel smoothing of peculiar velocity data.
The velocity field from the density reconstruction is obtained using the 2M++ galaxy redshift
compilation, which is compared to two adaptive kernel-smoothed velocity fields: the first ob-
tained from the 6dF Fundamental Plane sample and the other using a Tully-Fisher catalogue
obtained by combining SFI++ and 2MTF. We highlight that smoothed velocity fields should
be rescaled to obtain unbiased velocity estimates. Comparing the predictions of these models
to the observations from a few test sets of peculiar velocity data, obtained from the Second
Amendment Supernovae catalogue and the Tully-Fisher catalogues, we find that 2M++ re-
construction provides a better model of the peculiar velocity in the local Universe than the
kernel-smoothed peculiar velocity models. We study the impact of peculiar velocities on the
measurement of 𝐻0 from gravitational waves and megamasers. In doing so, we introduce a
probabilistic framework to marginalize over the peculiar velocity corrections along the line-of-
sight. For the megamasers, we find 𝐻0 = 69+2.9−2.8 km s
−1 Mpc−1using the 2M++ velocity field.
We also study the peculiar velocity of the the galaxy NGC1052-DF2, concluding that a short
∼ 13 Mpc distance is not a likely explanation of the anomalously low dark matter fraction of
that galaxy.
Key words: Galaxy: kinematics and dynamics – cosmology: observations – large-scale
structure of Universe
1 INTRODUCTION
Peculiar velocities, deviations from the regular Hubble flow, are
sourced by the gravitational pull of large-scale structures, thus pro-
viding the only way to measure growth of structure on large scale
in the low redshift Universe (Huterer et al. 2017; Boruah et al.
2019; Adams & Blake 2020). Apart from their use as a probe of
cosmological structure growth, one also has to account for the pe-
culiar velocity of galaxies in other studies of cosmology and galaxy
formation. For example, peculiar velocity corrections for nearby
standard candles and standard sirens are an important step in trying
to measure the expansion rate of the Universe. It was noted in Hui &
Greene (2006) that correlated errors in the redshifts of supernovae,
★ Contact e-mail: ssarmabo@arizona.edu
† Contact e-mail: mike.hudson@uwaterloo.ca
‡ Contact e-mail: guilhem.lavaux@iap.fr
introduced due to peculiar velocities, are important to account for in
cosmological analyses. Neill et al. (2007) applied peculiar velocity
corrections while inferring the equation-of-state from supernovae,
finding a systematic bias of Δ𝑤 ∼ 0.04 when not corrected for
the peculiar velocities. In Riess et al. (2011), peculiar velocity cor-
rections were applied for the first time in the measurement of the
Hubble constant from supernovae.
Peculiar velocity corrections are especially important given
the increasing discrepancy (Verde et al. 2019) in the value of the
Hubble constant, 𝐻0, measured using the Cosmic Microwave Back-
ground (CMB) (Planck Collaboration et al. 2018) and other low-𝑧
measurements (Riess et al. 2019; Wong et al. 2019). The current
tension between the measurements from CMB and the low redshift
supernovae has been estimated to be∼ 4.4𝜎. Other methods such as
standard sirens and megamasers, which measure distances without
any calibration to the distance ladder, are crucial in resolution of the
© 2020 The Authors
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𝐻0 tension.𝐻0 has already beenmeasured from the first detection of
gravitational waves from a binary neutron star merger, GW170817
(Abbott et al. 2017a) yielding a value of 𝐻0 = 70.0+12.0−8.0 km s
−1
Mpc−1(Abbott et al. 2017b). The Megamaser Cosmology Project
(hereafter MCP, Pesce et al. 2020) has also measured distances to
six megamasers giving a measurement, 𝐻0 = 73.9 ± 3.0 km s−1
Mpc−1.
The value of 𝐻0 measured from local distance indicators de-
pends on the peculiar velocity corrections. The observed redshift,
𝑧obs, for standard candles and standard sirens gets a contribution
from both the recession velocity due to the Hubble flow, 𝐻0𝑟 , and
the radial peculiar velocity of the object, 𝑣𝑟 ,
𝑐𝑧obs ≈ 𝐻0𝑟 + 𝑣𝑟 . (1)
Therefore, in order to measure the value of 𝐻0, the radial pecu-
liar velocity needs to be subtracted from the observed redshift. The
inferred value of 𝐻0 can have significant difference depending on
the model of velocity corrections (see e.g. Pesce et al. 2020). To
measure the peculiar velocity, we need accurate measurements of
the redshifts as well as distances. Accurate distances are also im-
portant for measuring, e.g., the masses of galaxies, which in turn
has implications for understanding the nature of dark matter.
To measure the peculiar velocity of galaxies, one has to rely
on some distance indicator. Commonly used distance tracers for the
measurement of peculiar velocity include empirical galaxy scaling
relationships such as the Tully-Fisher (TF, Tully & Fisher 1977)
and the Fundamental Plane (FP, Dressler et al. 1987; Djorgov-
ski & Davis 1987) relations as well as Type Ia supernovae. The
distance measurements from TF and FP relations have ∼ 15–25%
uncertainty, while Type Ia SNe gives a distance estimate which is ac-
curate to 5–10%. However, not all galaxies have a distance estimate
obtained by one of these methods. Hence we need some method to
map out the peculiar velocity field of the nearby Universe.
In this work, we compare different peculiar velocity fields by
comparing their predictions to independent peculiar velocity cat-
alogues. Broadly, we compare the velocity field predicted using
density reconstruction and the velocity field predicted using the
adaptive kernel smoothing technique. Predicting peculiar velocities
based on density reconstruction has a long history (see e.g., Kaiser
et al. 1991; Hudson 1994b). In this approach, one uses the galaxy
redshift surveys to ‘reconstruct’ the density field, which in turn is
used to predict the peculiar velocity field in the local Universe. In
contrast, the adaptive kernel smoothing method smooths the pecu-
liar velocity data to map out the velocity field of the Universe. This
has been used for cosmography with the 6dF (Springob et al. 2014)
and the 2MTF (Springob et al. 2016) peculiar velocity surveys. The
reconstructed velocity field used in this work is obtained using the
2M++ galaxy redshift compilation (Lavaux&Hudson 2011) and the
adaptive kernel-smoothed velocity fields are obtained by smooth-
ing the 6dF peculiar velocity catalogue and a combined Tully-Fisher
catalogue from SFI++ and 2MTF. We use two different methods, a
simple comparison of the mean squared error and a forward likeli-
hood method, to compare the different velocity field predictions to
the observations.
We also study the impact of different peculiar velocity models
on cosmology and galaxy formation. First, we study its impact
on the value of 𝐻0 measured from gravitational wave standard
sirens and megamaser galaxies. Neither of these techniques rely
on intermediate distance calibrators, providing new, direct ways of
measuring𝐻0. Finally, we study the peculiar velocity of NGC 1052-
DF2, a galaxy that has been found to contain little or no dark matter
and where it had been argued that a smaller distance to this galaxy
can explain the anomaly.
This paper is structured as follows: in section 2, we describe the
peculiar velocity data, which we use for the adaptive kernel smooth-
ing and to test peculiar velocity models. Section 3 describes the two
methods for predicting the peculiar velocity fields. We highlight the
importance of scaling the smoothed velocity fields by a constant
factor to obtain unbiased velocity estimate of the galaxies in sec-
tion 4. In section 5, the predictions of the peculiar velocity models
are compared to the observed peculiar velocity from the test sets.
We discuss the implications of the peculiar velocity fields for mea-
surements of 𝐻0 in section 6. Finally, we discuss the case of NGC
1052-DF2 in section 7 before summarising our results in Section
8. In Appendix A, we tested the predictions of the kernel smooth-
ing method with an N-body simulation to determine the smoothing
scale for unbiased velocity estimate. Appendix B presents the de-
tailed results of the posterior ratios used for comparing the different
peculiar velocity models.
2 PECULIAR VELOCITY DATA
We use a few different peculiar velocity catalogues in this work.
These catalogues serve two purposes: first, as a ‘tracer sample’ to
map the velocity field of the local Universe using an adaptive kernel
smoothing technique, and second, as test sets to test the predictions
of the peculiar velocity models. In this section, we describe the
different catalogues we use in this work, their main features and the
corresponding data processing required.
2.1 6dF peculiar velocity catalogue
The 6dF peculiar velocity sample (Springob et al. 2014) consists of
galaxies from the fundamental plane survey (Magoulas et al. 2012;
Campbell et al. 2014) of the 6dF galaxy survey. It is presently the
largest peculiar velocity survey with a total of 8 885 galaxies. The
distance (and hence the radial peculiar velocity) of these galaxies
is estimated using the Fundamental Plane relation. The sample is
restricted to the southern hemispherewith a galactic cut of |𝑏 | > 10◦
and 𝑐𝑧 < 16 000 km/s in the CMB frame. The mean distance
uncertainty of the sample was found to be ∼ 26%. We plot the
sky distribution of the 6dF peculiar velocity catalogue along with
the tracers we use to compare the velocity field in the southern
hemisphere in the left panel of Figure 1. We use the 6dF peculiar
velocity sample as a tracer sample to predict the peculiar velocity
using the adaptive kernel smoothing method described in Section
3.2.
2.2 Tully-Fisher catalogues
In this work, we use two Tully-Fisher (TF) catalogues: SFI++ and
2MTF. The TF catalogues serve dual purposes in this work. First,
we use the objects in the southern hemisphere as a test set to test the
predictions of the 2M++ reconstructed velocity field and the adap-
tive kernel smoothed velocity obtained from 6dF. Second, we use a
combined TF catalogue of SFI++ and 2MTF to predict the velocity
field using the adaptive kernel smoothing method and compare it
with the other velocity field models.
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Figure 1. Left: Distribution of 6dF peculiar velocity catalogue objects and the corresponding test objects in the southern hemisphere plotted in the equatorial
coordinates. The 6dF objects are shown with orange circle. The test set consists of objects from the SFI++, 2MTF and the A2-South catalogue - shown with a
red square, blue triangle and a green inverted triangle respectively. Right: The sky distribution of SuperTF and A2 objects plotted in the equatorial coordinates.
The SFI++ objects are denoted with a red square with the groups being a filled squared and the field galaxies are hollow squares. The 2MTF galaxies are
denoted with a blue triangle and the A2 supernovae as a green inverted triangle.
2.2.1 SFI++
SFI++ (Masters et al. 2006; Springob et al. 2007) is an 𝐼-band Tully-
Fisher survey with more than 4000 peculiar velocity measurements.
As noted in Boruah et al. (2019), there is a deviation from the
linear Tully-Fisher relationship in both the faint and bright end. We
therefore only use galaxies with −0.1 < 𝜂 < 0.2, where, 𝜂 is related
to the velocity width, 𝑊 , as 𝜂 = log10𝑊 − 2.5. To remove the
outliers, we iteratively fit the Tully Fisher relation using the redshift
space distances and remove the 3.5𝜎 outliers. For this work, while
comparing the peculiar velocities, we only consider the galaxies
that are within 𝑐𝑧 < 10000 km/s. With these cuts, we have a total
of 1607 field galaxies and 584 groups in our sample. Of these, 949
field galaxies and 204 groups are in the southern hemisphere. While
comparing the 6dF adaptive kernel-smoothed peculiar velocity field
and the 2M++ reconstructed velocity field, we use only the galaxies
in the southern hemisphere as a test set.
2.2.2 2MTF
The 2MTF survey (Masters et al. 2008) is a Tully-Fisher survey
in the 𝐽, 𝐻 and 𝐾 bands. The final catalogue (Hong et al. 2019)
consists of 2062 galaxies within 𝑐𝑧 < 10000 km/s. We remove
the duplicates from 2MTF that are already contained in the SFI++
catalogue. Similar to the SFI++ catalogue, we only use galaxies
with −0.1 < 𝜂 < 0.2 and reject outliers by iteratively fitting the
Tully-Fisher relation. We have a total of 1248 galaxies after these
cuts. Of these, 567 galaxies are in the southern hemisphere and
we use these galaxies to compare with the 6dF adaptive smoothed
peculiar velocity field and the 2M++ reconstructed velocity field.
2.2.3 SuperTF
We combine the SFI++ and the 2MTF catalogs into a ‘super TF’
catalog which we then use to produce an adaptive kernel-smoothed
peculiar velocity map. Unlike 6dF, we can use this catalogue to
map out the velocity field in both hemispheres using the kernel
smoothing method. The 𝐼-band Tully-Fisher relation, used in the
SFI++ catalogue, has a smaller intrinsic scatter compared to the TF
relation in the infrared bands, which is used by the 2MTF survey
(see e.g., Boruah et al. 2019). Therefore, when there are duplicates
in the SFI++ and 2MTF datasets, we use the SFI++ objects. The final
data set consists of 584 SFI++ groups, 1607 SFI++ field galaxies
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Figure 2. Redshift distribution of SuperTF and 6dF objects. Note that the
two catalogues cover different fractions of the sky, with 6dF covering only
the southern hemisphere. Also note that the SuperTF catalogue has a higher
density of objects compared to 6dF at lower redshifts (𝑧 . 0.015) .
and 1248 2MTF galaxies. We show the sky distribution of the
objects in this combined catalogue in Figure 1. We also compare
the redshift distribution of the objects in the SuperTF catalogue
with the 6dF peculiar velocity catalogue in Figure 2. Note that the
SuperTF catalogue has a higher density of objects at lower redshifts
(𝑧 . 0.015). Also note that for predicting the velocity using adaptive
kernel smoothing, we do not impose any redshift cuts on the data
sets. The velocity field of the local Universe mapped using the
adaptive kernel smoothing technique on the SuperTF catalogue is
shown in Figure 3.
2.3 A2 Supernovae
We also use a sample of Type Ia supernovae to test the peculiar
velocity fields. Type Ia Supernovae are excellent distance indica-
tors with much smaller distance error than TF or FP galaxies. We
presented the Second Amendment (A2) sample of supernovae in
Boruah et al. (2019). It consists of low redshift (low-𝑧) supernovae
from the CfA supernovae sample (Hicken et al. 2009), Carnegie
MNRAS 000, 1–14 (2020)
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Supernovae project (Folatelli et al. 2010; Krisciunas et al. 2017),
the Lick Observatory Supernova Survey (LOSS) (Ganeshalingam
et al. 2013) and the Foundation supernovae sample (Foley et al.
2018; Jones et al. 2019). The final sample consists of 465 low-𝑧 su-
pernovae, resulting in the largest peculiar velocity catalogue based
on supernovae. While comparing to the 6dF adaptive smoothed
peculiar velocity field, we only use the SNe in the southern hemi-
sphere and |𝑏 | < 10◦. We call this data set consisting of 150 SNe,
‘A2-South’.
3 PECULIAR VELOCITY MODELS
In this work, we compare two different types of peculiar velocity
models - i) the velocity field reconstructed from the 2M++ galaxy
redshift compilation, ii) velocity field mapped out using an adaptive
kernel smoothing technique. In this section, we briefly describe both
these methods.
3.1 Velocity reconstruction with 2M++
We use the velocity field reconstructed using the 2M++ compilation
of galaxy redshifts (Lavaux & Hudson 2011). The 2M++ catalogue
consists of a total of 69160 galaxies. The catalogue was found to be
highly complete up to a distance of 200 ℎ−1 Mpc (or 𝐾 < 12.5) for
the region covered by the 6dF and SDSS and up to 125 ℎ−1 Mpc
(or 𝐾 < 11.5) for the region that is not covered by these surveys.
We use the luminosity-weighted density field from Carrick
et al. (2015) in this work. The velocity field is predicted from the
density field using linear perturbation theory. The predicted velocity
field from the luminosity-weighted density field is scaled by a factor
of 𝛽 = 𝑓 /𝑏 and an external velocity, Vext is added to this. To fit
for the value of 𝛽 and the external velocity Vext, we compared the
predicted velocity to the observed velocities from the SFI++ and
the A2 catalogue. The details of the fitting process can be found in
Carrick et al. (2015) and Boruah et al. (2019). More details on the
reconstruction procedure can be found in Carrick et al. (2015).
3.2 Adaptive kernel smoothing method
Anadaptive kernel smoothing technique tomap the peculiar velocity
field using measured peculiar velocities was presented in Springob
et al. (2014, 2016). We use this method to map the velocity field in
the local Universe using the 6dF and the SuperTF catalogues.
In this scheme, a Gaussian kernel is used to smooth the pe-
culiar velocity measurements from the catalogues. The measured
radial velocities, {𝑣𝑟 (r𝑖)}, in peculiar velocity catalogue at loca-
tions, {r𝑖}, is used to predict the peculiar velocity at r as1,
𝑣(r) =
∑𝑁gal
𝑖=1 𝑣𝑟 (r𝑖) cos 𝜃𝑖𝑒−Δ𝑟
2
𝑖 /2𝜎2𝑖 𝜎−3𝑖∑𝑁gal
𝑖=1 𝑒
−Δ𝑟2𝑖 /2𝜎2𝑖 𝜎−3𝑖
, (2)
where, Δ𝑟𝑖 = |r−r𝑖 | and cos(𝜃𝑖) = rˆ · rˆ𝑖 . Note that in this method,
the location, r, is given in the redshift space. The kernel width for
1 Note that there are other ways of interpolating between observed radial
velocities. For example, Dekel et al. (1990) suggested the use of a tensor
window function to smooth the observed velocities in order to obtain un-
biased velocity estimate. Such window functions may perform better than
the one used in this work. However, the effect of these extended window
functions are beyond the scope of this work and needs further exploration.
each galaxy is adaptively computed using the prescription presented
in Springob et al. (2014, 2016). Assuming a fiducial smoothing
length, 𝜎′, the adaptive smoothing length for each object is defined
as,
𝜎𝑖 = 𝜎
′

exp
(∑𝑁
𝑗=1 ln(𝛿 𝑗 )/𝑁
)
𝛿𝑖

1/2
, (3)
where 𝛿𝑖 is computed as,
𝛿𝑖 =
𝑁 𝑗∑︁
𝑗=1
exp
(
− |r 𝑗 − r𝑖 |
2
2𝜎′2
)
. (4)
The sum in equation (4) is over the 𝑁 𝑗 objects that are within
distance, 3𝜎′ of the 𝑖-th object. The quantity, 𝛿𝑖 roughly calculates
the density of peculiar velocity tracers near the 𝑖-th object. Equation
(3) then calculates the kernel width adaptively based on the density
of the peculiar velocity tracers. The calculated kernel size in regions
with larger density is thus smaller.
We use the adaptive kernel smoothing method to predict the
velocity field using the 6dF Fundamental Plane and the SuperTF
catalogue. In this work, we use two different fiducial smoothing
lengths, 8ℎ−1 Mpc and 16ℎ−1 Mpc to predict the kernel smoothed
velocity field. If we use a fiducial smoothing length of 𝜎′ = 8 ℎ−1
Mpc, the mean smoothing length, 〈𝜎𝑖〉, for the 6dF and the SuperTF
catalogues are 8.61 ℎ−1 Mpc and 8.83 ℎ−1 Mpc respectively. The
spread of the same smoothing lengths as measured using the stan-
dard deviation of the distribution are, 3.60 ℎ−1 Mpc and 4.39 ℎ−1
Mpc for the 6dF and Super TF catalogues respectively. The distri-
bution of the adaptively calculated smoothing lengths with fiducial
smoothing length of 8ℎ−1 Mpc for the 6dF and the SuperTF cata-
logues is shown in Figure 4.
A comparison of the peculiar velocity fields in the supergalac-
tic plane derived using the 2M++ reconstruction, and the adaptive
kernel smoothing on the 6dF and the SuperTF catalog is shown in
in Figure 3.
4 SCALING THE SMOOTHED VELOCITY
In the previous section, we presented two ways to predict the veloc-
ities of galaxies. Both these methods rely on smoothing the peculiar
velocity field in someway.However, onemust be careful while using
a smoothed field to predict velocities since certain smoothing scales
may lead to biased estimates of the peculiar velocity. In Berlind et al.
(2000) and Carrick et al. (2015), the effect of the smoothing radius
on the inferred value of 𝛽 (orΩ𝑚 in the earlier paper) was studied in
the context of constraining cosmological parameters from density-
velocity comparison. Using tests on numerical simulations, it was
found in Carrick et al. (2015) that a smoothing length of ∼ 4ℎ−1
Mpc gives unbiased estimates for the peculiar velocity. Using a
smoothing length other than this value may bias our estimates of
peculiar velocity. Therefore, when predicting the peculiar velocity
using the 2M++ reconstruction, we smoothed the velocity field us-
ing a Gaussian filter with a smoothing length of 4ℎ−1Mpc to predict
the peculiar velocity.
The kernel smoothing method also predicts the velocity by
smoothing the peculiar velocity data in the neighbouring region.
Given the large error bars and the sparse sample of peculiar velocity
data, smoothing over a larger region may be necessary to reduce
MNRAS 000, 1–14 (2020)
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Figure 3. The radial velocity in the supergalactic plane for the 3 different peculiar velocity models: Left: 2M++ reconstruction, Centre: Adaptive kernel
smoothing with the 6dF peculiar velocity catalogue, Right: Adaptive kernel smoothing with the SuperTF catalogue. The coordinates for the adaptive smoothed
fields are in redshift space, while that for 2M++ reconstruction is in the real space. We also show the location of a few prominent superclusters and NGC4993.
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Figure 4. Distribution of the adaptively calculated kernel smoothing length
computed using a fiducial smoothing length, 𝜎′ = 8 ℎ−1 Mpc, for the two
peculiar velocity catalogues, 6dF and SuperTF. Themean smoothing lengths
for the 6dF and the SuperTF catalogues are 8.61 ℎ−1 Mpc and 8.83 ℎ−1
Mpc respectively.
the uncertainties on the predictions to an acceptable level. However,
smoothing over larger regions also biases low the peculiar velocity
estimates. Therefore, if we smooth the peculiar velocity field using
a smoothing scale & 4ℎ−1 Mpc, we need to correct for this bias. To
do so, we use a simple scaling of the smoothed peculiar velocity.
More precisely, the peculiar velocity estimate, 𝑣𝑝 (𝑅) obtained by
using a smoothing scale, 𝑅 is scaled by factor of 𝐴(𝑅) such that
𝑣𝑝 (𝑅) → 𝐴(𝑅)𝑣𝑝 (𝑅). (5)
The scaling factor, 𝐴(𝑅) is determined by comparing the kernel-
smoothed velocity of an N-body simulation to the true velocity of
the halos. The details of the study on the simulation is presented
in Appendix A. With the help of these simulations, we determine
the scaling factor for a smoothing length of 8 ℎ−1 Mpc and 16 ℎ−1
Mpc to be 1.07 and 1.16 respectively. We compare both the scaled
and the unscaled versions of the adaptive kernel-smoothed peculiar
velocity fields in the next section.
5 COMPARING PECULIAR VELOCITY MODELS
To compare the models of peculiar velocity of the local Universe,
we use independent peculiar velocity data sets to compare the pre-
dictions of the models to observations. We propose two ways to test
this - the first method is based on a simple comparison of the mean
squared error between predicted and observed peculiar velocity of
the tracer peculiar velocity data set. In this method, we use the ve-
locity estimate from the peculiar velocity models at the estimated
distance of the peculiar velocity tracer and compare it with the ob-
served value of the velocity. However, this method is known to be
affected by inhomogeneous Malmquist bias. The second method is
the Forward likelihood method which can correct for the inhomo-
geneous Malmquist bias. We use Bayesian model comparison with
this method to compare the peculiar velocity models presented in
Section 3.
5.1 Comparing the mean squared error
In the first approach, we calculate the mean squared error between
the predicted radial velocity from the peculiar velocity models and
the measured radial peculiar velocity of the test set. The model
with the better predictions for the peculiar velocity should have a
lower value of mean squared error (MSE). For the adaptive kernel
smoothing approach, we estimate the peculiar velocity of the test
objects using the approach of Section 3.2. In this approach, we use
the redshift space position of the test object to estimate the velocity.
For the reconstructed velocity field, we predict the velocity at the
reported mean position of the object. We plot the predicted velocity
from 6dF adaptive kernel smoothing technique and from the 2M++
reconstruction against the observed velocity of the 2MTF, SFI++
and the A2 supernovae in Figure 5.
We then compare the estimated velocity with the measured
radial velocity. Themean squared error (MSE) between the observed
velocity and the predicted velocity is defined as,
MSE =
1
𝑁tracers
𝑁tracers∑︁
𝑖=0
(𝑉𝑟pred −𝑉𝑟obs)2
Δ𝑉2obs
(6)
The value of MSE obtained for the different models is presented
in Table 1. Since the SuperTF catalogue consists of SFI++ and
MNRAS 000, 1–14 (2020)
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Figure 5. Plot of the predicted velocity,𝑉pred, predicted using adaptive kernel smoothing on 6dF (left) and 2M++ reconstruction (right) vs the observed velocity,
𝑉obs for the different test sets. The black markers denote the peculiar velocity estimate for each object in the test set. The blue curve shows a binned version
where we plot the weighted average of the observed peculiar velocity objects in each 50 km s−1 bins of predicted peculiar velocity. The red line represents,
𝑉pred = 𝑉obs.
2MTF galaxies, we do not use these data sets to compare to the
velocity field obtained by using the adaptive kernel smoothing on
the SuperTF catalogue. We notice that for all the test sets, the
2M++ reconstructed velocity field gives a lower value of the MSE
than the adaptive kernel-smoothed velocity fields. Hence, it suggests
that 2M++ reconstructed peculiar velocity is a better model for the
peculiar velocity of the local Universe than the one obtained by
using adaptive kernel smoothing.
5.2 Forward likelihood
The approach used in Section 5.1 is simplistic and is known to
be affected by inhomogeneous Malmquist bias. Hudson (1994a,b)
introduced an approach for peculiar velocity analysis that can deal
Table 1. The value of MSE measured for different test data sets
Test Velocity field model2M++ 6dF SuperTF
A2 (South) 0.742 1.856 1.970
A2 (low-𝑧) 0.899 — 2.214
SFI++ groups 0.814 0.949 —
SFI++ field galaxies 0.703 0.763 —
2MTF 0.875 1.072 —
with inhomogeneous Malmquist bias by using an improved radial
distribution for the peculiar velocity tracer (see also Pike & Hudson
2005). This approach is called Forward likelihood. In this section,
we use this approach to determine which peculiar velocity field fits
the data well.
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In the forward likelihood approach, the difference in the ob-
served and predicted redshifts are minimized along the line of sight
and the radial distribution is marginalized. We take into account
the inhomogeneities along the line of sight to correct for inhomo-
geneous Malmquist bias. This is done by assuming the following
radial distribution.
P(𝑟) =
𝑟2 exp
(
− (𝑟−𝑑)22𝜎2
𝑑
)
(1 + 𝛿𝑔 (r))∫ ∞
0 d𝑟
′𝑟 ′2 exp
(
− (𝑟 ′−𝑑)22𝜎2
𝑑
)
(1 + 𝛿𝑔 (r′))
, (7)
where, 𝑑 is the distance reported in the peculiar velocity survey
converted to comoving distance, 𝜎𝑑 is the associated uncertainty,
and 𝛿𝑔 is the overdensity in the galaxy field. In this work, we use the
luminosity-weighted density field from the 2M++ reconstruction for
the inhomogeneous Malmquist bias correction.
To account for the errors that arise because of the triple-valued
regions and inhomogeneities along the line of sight, the likelihood
is marginalized over the above radial distribution. The likelihood
for observing the redshift given a peculiar velocity model, v, can
be written as
P(𝑧obs |v) =
∫ ∞
0
𝑑𝑟P(𝑧obs |𝑟, v)P(𝑟), (8)
where, P(𝑧obs |𝑟, v) is modelled as a Gaussian with standard devi-
ation, 𝜎𝑣 ,
P(𝑧obs |𝑟, v) = 1√︃
2𝜋𝜎2𝑣
exp
(
− (𝑐𝑧obs − 𝑐𝑧pred (𝑟, v))
2
2𝜎2𝑣
)
, (9)
and P(𝑟) is given by Equation (7). 𝑧pred ≡ 𝑧pred (𝑟, v) as given as,
1 + 𝑧pred =
(
1 + 𝑧cos (𝑟)
) (
1 + 𝑣𝑟
𝑐
)
, (10)
where, 𝑣𝑟 is predicted using the velocity model, v, at the position,
r. In the case of adaptive kernel smoothing, the radial velocity is
calculated in the redshift space. Therefore, we introduce the redshift
space coordinate, s, to facilitate the calculation for this case.
s = 𝐻0r + 𝑣𝑟 (r)rˆ. (11)
Note that, in the above equation distance coordinates, s and r has the
same units as that for the velocity. That is, we convert the distance
units into velocity units (km s−1). We use this change of coordinates
to calculate Equation (8) in the redshift space,
P(𝑧obs |v) =
∫ ∞
0
𝑑𝑠
 𝜕𝑟𝜕𝑠 P(𝑧obs |𝑟 (s), v(s))P(𝑟 (𝑠)),
=
∫ ∞
0
𝑑𝑠
𝐻0
(
1 − 𝜕𝑣𝑟
𝜕𝑠
)
P(𝑧obs |𝑟 (s), v(s))P(𝑟 (𝑠)) (12)
Note that the above relation is defined only if the relation between
r and s is monotonic along the line of sight of the peculiar velocity
tracers. As is well-known, this is not always the case due to the phe-
nomenon of triple-valued regions (Strauss &Willick 1995). A triple
valued region usually occurs in the neighborhood of big clusters,
where, for a given value of redshift, there are 3 solutions in the real
space. Since the adaptive kernel smoothing technique estimates the
velocity in the redshift space, it does not take into account the effect
of triple-valued points. In this work, to convert between r and s
we use the peculiar velocity models to get the peculiar velocity at a
given location. We only consider for comparison the objects which
have a monotonic relation between r and s under all the peculiar
velocity models under consideration. For such objects, Equation
(12) gives a valid way to calculate the forward likelihood using the
adaptive kernel smoothed peculiar velocity field.
5.3 Bayesian model comparison with Forward Likelihood
We use Bayesian model comparison to compare the two peculiar
velocity models described in Section 3. Given twomodels,M1,M2
describing the same data, 𝐷, Bayesian model comparison gives a
way to compare the two models. The plausibility of the two mod-
els can be compared by calculating the posterior probability ratio
(Mackay 2003),
P(M1 |𝐷)
P(M2 |𝐷) =
P(M1)
P(M2)
P(𝐷 |M1)
P(𝐷 |M2) . (13)
P(M) denotes the prior belief in the model,M.
Hence, Bayesian model comparison is well-suited to compare
the different peculiar velocitymodels.We do so by using the forward
likelihood to calculate the likelihood, P(𝐷 |v). If we assign equal
prior probability to two different peculiar velocity models, v1 and
v2, i.e., P(v1) = P(v2), the posterior probability ratio can be
written as,
P(v1 |𝐷)
P(v2 |𝐷) =
P(𝐷 |v1)
P(𝐷 |v2) . (14)
The right hand side of equation (14) can be calculated using equa-
tions (8) and (12). We fix the value of 𝜎𝑣 to 150 km s−1. We present
the values for the ratio P(𝐷 |v) for the 2M++ reconstructed velocity
field and the kernel smoothed velocity field in Table B1 and B2. The
fiducial smoothing radius was chosen as 8ℎ−1 Mpc and 16ℎ−1 Mpc
for Table B1 and B2 respectively. We highlight here some of the
main findings:
i) We find that the 2M++ reconstructed velocity field gives a
better fit to the observed velocities for all test sets and for all range
of redshifts than the adaptive kernel-smoothed velocity fields.
ii) We also find that choosing a bigger smoothing scale of 16ℎ−1
Mpc for the adaptive kernel-smoothed velocity performs better than
a smoothing scale of 8ℎ−1 Mpc for almost all test data sets and all
range of redshifts.
iii) The effect of scaling the predicted velocity field aswe proposed
in Section 4 is more pronounced when we use kernel smoothing
with a smoothing radius of 16 ℎ−1 Mpc. The value of 𝐴 for the
two smoothing scales are 1.12 and 1.34 for 8ℎ−1 Mpc and 16ℎ−1
Mpc respectively. For the 2MTF, SFI++ field galaxies and SFI++
groups data sets, the scaled velocity from kernel smoothing indeed
gives a better fit compared to the unscaled version. However, for the
supernovae data, the reverse is true.
5.4 Comparison of the reconstruction based and kernel
smoothing method
We saw in this section that the 2M++ reconstructed velocity field
gives a better fit to the different data sets compared to the velocity
field calculated using adaptive kernel smoothing. In this section, we
give a rough argument for why that is the case.
In Equation (2), if 𝑁 objects contribute significantly to the cal-
culation of the kernel-smoothed velocity, and if the velocity error
for each object is a constant, Δ𝑉 , the error in the estimated velocity
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will be roughly, ∼ Δ𝑉/√𝑁 . The relative error on the peculiar ve-
locity measured using TF or FP is usually 15-25% of the distance
given in km/s. For NGC4993, which is at ∼ 3000 km/s, assuming
a relative error of 20%, and 𝑁 ∼ 10, which is the number of 6dF
objects within 8 ℎ−1 Mpc (number of SuperTF objects within the
same distance is 11), we get the velocity error of ∼ 180 km/s. This
estimate is close to the estimated error, 153 km/s calculated for the
6dF velocity field. However, the same argument also implies that the
error on the calculated peculiar velocity field grows with distance.
For redshifts much larger than that of NGC4993, one would need
a much higher density of peculiar velocity tracers to achieve a dis-
tance error of ∼ 150 km/s using the kernel smoothing technique. On
the other hand, the error with the predictions of the reconstruction
based approach arises from systematic error in the reconstruction
and errors in the prediction from linear perturbation theory. While
some dependence of this error with distance is expected, it is not as
drastic as using the kernel smoothing method.
Another problem with the kernel smoothing technique is that
it does not account for triple valued regions. Triple valued regions
arises when the same value of redshift has 3 solutions in the real
space. To get these solution, these points in the real space must have
peculiar velocities in opposing directions. Since kernel smoothing
is done in the redshift space, potentially these triple valued regions
are smoothed together, hence, inducing additional biases.
6 IMPLICATIONS FOR 𝐻0
As we saw in Equation (1), the redshift of a galaxy gets a contri-
bution from both the peculiar velocity and the Hubble recession.
Therefore, one needs to correct for the contribution of the peculiar
velocity in order to correctly infer 𝐻0. In this section, we consider
the peculiar velocity corrections for two data sets: the distance mea-
surement from gravitational wave for NGC4993 and the peculiar
velocity corrections for megamasers from the Megamaser Cosmol-
ogy Project (MCP). We begin with the Bayesian model we use for
the treatment of peculiar velocity for these data sets.
6.1 𝐻0 likelihood
When correcting the redshifts for the peculiar velocities, tradition-
ally one uses a point estimate for the peculiar velocity at a given
redshift. However, given the large uncertainty on the distances, we
need to marginalize over the radial velocity along the line-of-sight
for each object. In this section, we derive the likelihood for such a
method.
We want to infer the Hubble constant, 𝐻0, given the ob-
served redshift to the objects, {𝑧obs}, and some data, {𝑥dist},
from which the distance is derived. That is, we want to calcu-
late P(𝐻0 |{𝑧obs}, {𝑥dist}). Using Bayes theorem and assuming the
different distance measurements are independent, we can simplify
the posterior as,
P(𝐻0 |{𝑧obs}, {𝑥dist}) ∝ P({𝑧obs}, {𝑥dist}|𝐻0)P(𝐻0)
= P(𝐻0)
𝑁events∏
𝑖=1
P(𝑧𝑖obs, 𝑥𝑖dist |𝐻0). (15)
In order to go further, we simplify the likelihood, P(𝑧𝑖obs, 𝑥𝑖dist |𝐻0),
by expanding it in terms of the intermediate distance variable, 𝑑,
and the velocity field, v, used to correct the observed redshifts.
P(𝑧𝑖obs, 𝑥𝑖dist |𝐻0) =
∫
d𝑑 P(𝑧𝑖obs |𝐻0, v, 𝑑)P(𝑥𝑖dist |𝑑)P(𝑑). (16)
Finally, we have to model the likelihood for the redshift,
P(𝑧𝑖obs |𝐻0, v, 𝑑).
P(𝑧𝑖obs |𝐻0, v, 𝑑) =
1√︃
2𝜋𝜎2𝑣
exp
[
− (𝑐𝑧
𝑖
obs − 𝑐𝑧pred)2
2𝜎2𝑣
]
, (17)
where, 𝑐𝑧pred ≡ 𝑐𝑧pred (𝐻0, 𝑑, v) and 𝜎𝑣 is the typical uncertainty
in the predicted peculiar velocity.
6.2 Peculiar velocity of NGC 4993
The exact peculiar velocity of NGC4993 has been the discussion of
many recent works (e.g., Nicolaou et al. 2019; Howlett & Davis
2020; Mukherjee et al. 2019). NGC4993 was the host galaxy for
the binary neutron star event, GW170817 (Abbott et al. 2017a) dis-
covered by LIGO. The distance measurement from the gravitational
wave event can be used to put constraint on the value of 𝐻0. Be-
cause it is relatively nearby, the contribution to the redshift from the
peculiar velocity is substantial (& 10%) and needs to be corrected.
The original estimate of 𝐻0 from GW170817 (Abbott et al.
2017b), used adaptive kernel smoothing on the 6dF peculiar ve-
locity sample to predict the velocity of NGC4993. It was noted
that reconstruction based method with 2M++ also gives a similar
velocity estimate. Howlett & Davis (2020) tested the dependence
of the peculiar velocity predictions on different assumptions, such
as group assignment and different peculiar velocity catalogues for
kernel smoothing. It was demonstrated that different assumptions
leads to different estimates for the peculiar velocity, thus leading to
a larger uncertainty in the measured value of 𝐻0. Mukherjee et al.
(2019) used the forward-modelled reconstruction framework, borg
(Jasche & Wandelt 2013; Jasche & Lavaux 2019), to predict the
velocity field with the 2M++ catalogue, finding a velocity estimate
of 330 ± 130 km s−1 for NGC4993.
In this section, we check the predictions for the peculiar ve-
locity of NGC4993 using different choices of the peculiar velocity
models considered in this work. Nicolaou et al. (2019) noted that
the estimates of the peculiar velocity for NGC4993 using the kernel
smoothing technique depends strongly on the choice of kernel width
and used a Bayesian model to account for the uncertainty due to the
choice of the kernel width. As we already point in Section 4, predic-
tions from a smoothed velocity field need to be scaled up in order to
obtain unbiased estimates for the velocity. We show the dependence
of the predicted peculiar velocity of NGC4993 on the smoothing
length in right panel of Figure 6. As can be seen, after scaling the ve-
locity by the required factor, there is no longer a strong dependence
on the smoothing scale. The predictions from 2M++ reconstruction
and adaptive kernel smoothing give consistent results. Since our
methods of estimating the peculiar velocity smooths the velocity
field at a scale much larger than that of individual galaxies, it is
useful to predict the velocities of groups of galaxies. Averaging the
redshifts of galaxies in a group suppresses the non-linear velocity
contributions. In order to correct for the grouping, we identify the
groups from the 2M++ catalogue. For NGC4993, the average group
redshift is 𝑐𝑧 = 3339 km s−1, while that of the galaxy is 𝑐𝑧 = 3216
km/s. Using a fiducial smoothing length of 8 ℎ−1 Mpc, the adaptive
kernel smoothing technique predicts a velocity of 𝑣𝑟 = 357 ± 219
km/s for the 6dF catalogue and 𝑣𝑟 = 388±162 km/s for the SuperTF
catalogue. The uncertainty for the two fields are obtained by adding
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Figure 6. Peculiar velocity estimate of NGC4993. (Left) The measured peculiar velocity of the galaxies within 1 kernel width (for a fiducial smoothing length
of 8 ℎ−1 Mpc) of NGC4993 from the 6dF (red markers) and the SuperTF (blue markers) peculiar velocity catalogues. There are a total of 6 neighbours within
1 kernel width for the 6dF catalogue and 10 neighbors within a kernel width for the SuperTF catalogue. (Right) Predicted peculiar velocity for different models
as a function of the smoothing scale. The black horizontal line is the prediction from 2M++ reconstruction and the grey region is the associated error, assuming
𝜎𝑣 = 150 km/s. The red and the blue markers are the estimates using the adaptive kernel smoothing on 6dF and SuperTF catalogues respectively for different
smoothing scales.
the measurement error from the kernel smoothing added in quadra-
ture to 𝜎𝑣 = 150 km/s. The justification for using this uncertainty is
as follows. The uncertainty in the peculiar velocity estimated using
the kernel smoothing has two contributions: i) The measurement
uncertainty for the peculiar velocity data, and, ii) The scatter of the
peculiar velocity of the galaxies from which the kernel-smoothed
velocity is estimated. The first part can be estimated from the mea-
surement errors on the peculiar velocity estimates. For the second
part, we assume a value, 𝜎𝑣 = 150 km/s. Since the 2M++ recon-
struction gives the velocity in the real space coordinates, we use
an iterative method to estimate the velocity along the line-of-sight
of the galaxy. For NGC4993, we find the 2M++ predictions to be,
𝑣𝑟 = 456±150 km/s. Therefore, we find consistent predictions from
the 2M++ reconstruction and the kernel smoothing methods.
We also used the likelihood described in section 6.1 to derive
the constraint on 𝐻0 from the gravitational wave distance. For NGC
4993, the luminosity distance can be measured from the gravita-
tional wave event GW170817 2. A volumetric prior,Pprior (𝑑) ∝ 𝑑2,
was used inferring the distance posterior. Therefore, we also used
a volumetric prior for inferring 𝐻0 with the GW data. We compare
the results from the likelihood for measuring 𝐻0 that was used in
Abbott et al. (2017b), where a fixed velocity estimate was used. The
inferred value of 𝐻0 for the different peculiar velocity fields and
the two likelihoods are given in Table 2. The 𝐻0 posterior using
the GW distance is shown in Figure 7. We show the effect of using
the different peculiar velocity models considered in this work. The
table and the figure shows that marginalizing the peculiar velocity
correction along the line-of-sight inflates the error bar by ∼ 20%.
6.3 Peculiar velocity correction for megamasers
Water megamasers in the active galactic nuclei of galaxies provide a
completely geometricmethod tomeasure distanceswithout the need
for intermediate calibration. In Pesce et al. (2020), the Megamaser
Cosmology Project (MCP) measured the value of 𝐻0 from the
2 The posterior samples are publicly available at https://dcc.ligo.
org/LIGO-P1800061/public
Table 2. Inferred value of 𝐻0 from GW170817 for different treatments of
peculiar velocities. Results are reported as the median with 1𝜎 confidence
interval (16th to 84th percentile).
𝐻0 Likelihood Velocity model 𝐻0 (km s−1 Mpc−1)
Abbott et al. (2017b) 2M++ 70.5+14.2−8.8
(Fixed 𝑣pec) 6dF 72.0+14.9−9.2
SuperTF 72.1+14.5−8.5
Section 6.1 2M++ 74.3+16.9−9.6
(Line-of-sight 6dF 79.1+18.1−9.6
marginalization) SuperTF 74.3+17.5−9.0
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Figure 7. 𝐻0 posterior for NGC4993 considering the distances measured
from GW170817. We show the effect of marginalizing the peculiar velocity
correction along the line-of-sight. The solid lines uses the likelihood of
section 6.1, while the dash-dotted lines are obtained by assuming a fixed
peculiar velocity estimate using the likelihood of Abbott et al. (2017b). The
peculiar velocity is corrected using the 2M++ reconstruction (red curves),
6dF adaptive kernel smoothing (green curves) and SuperTF adaptive kernel
smoothing (blue curves). The Planck and the SH0ES confidence intervals
are shown with blue and orange vertically-shaded regions respectively.
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Figure 8. Predicted 𝑐𝑧CMB as a function of distance along the line of sight
to NGC 4993. We use ℎ = 0.72 to convert the distance in ℎ−1 Mpc to
absolute distance. The shaded regions for the 2M++, 6dF and the SuperTF
radial velocities (shown in green, red and blue respectively) signify the 1𝜎
errors associated with the velocity estimates. The CMB frame redshift for
the NGC 4993 group (3339 km/s) is shown with a solid black line. The
orange vertical band shows the distance measurement to NGC 4993 from
the gravitational wave detection.
distance measurement to 6 such megamasers. It was found that the
inferred value of 𝐻0 depended strongly on the treatment of peculiar
velocities.
In this section, we reanalyze the distance data from the mega-
masers to infer the constraints on 𝐻0, checking different assump-
tions for peculiar velocity correction. Our treatment is different from
Pesce et al. (2020) in four ways:
i) We used the likelihood of section 6.1 to marginalize over the
line-of-sight peculiar velocity as opposed to using a point estimate
for the peculiar velocity.
ii) We use a volumetric prior for the distances.
iii) We use the group-corrected redshift instead of the individual
redshift for each galaxy.
iv) We use two different values of 𝜎𝑣 to check the robustness of
the result to the choice of this parameter.
We discuss the effect of each of these modelling assumptions
on the inferred value of 𝐻0 in the following. We use the peculiar
velocity fields described in the previous sections to correct for pe-
culiar velocities. Since all 6megamasers are located in the northern
sky, we cannot use the 6dF velocity field for our purpose. We used
both the 2M++ and the SuperTF velocity fields for our treatment of
the peculiar velocity.
Marginalizing the line-of-sight peculiar velocity: We use the
probability model described in section 6.1, where we marginalize
over the line-of-sight peculiar velocity, as opposed to a point esti-
mate that is usually used. We compared the effect of not marginaliz-
ing the line-of-sight peculiar velocity. When using the simple point
estimate of the peculiar velocity, we find that the 𝐻0 posterior shifts
by ∼ +1.5 km s−1 Mpc−1. This is a non-negligible effect on the
inferred value of 𝐻0. Such a shift is not present when using the
SuperTF velocities, suggesting that the effect of marginalizing over
the line-of-sight peculiar velocity may be non-trivial. In addition
to using a fixed peculiar velocity, if we use a uniform prior on the
distances, we get 𝐻0 = 71.5 ± 2.7 km s−1 Mpc−1, which is consis-
tent with the values obtained by Pesce et al. (2020) for the 2M++
velocity field.
Table 3. Inferred value of 𝐻0 from megamasers for different treatment of
peculiar velocities. Results are reported as the median with 1𝜎 confidence
interval (16th to 84th percentile).
Peculiar velocity Model Assumption 𝐻0 (km/s/Mpc)
2M++ Fiducial 69.0+2.9−2.8
Fixed 𝑣pec 70.5+2.6−2.8
Uniform distance prior 70.1 ± 2.9
No group redshift correction 68.6+2.9−2.8
𝜎𝑣 = 200 km/s 69.4+3.1−3.0
Fixed 𝑣pec and uniform prior 71.5 ± 2.7
Pesce et al. (2020) 2M++ fit 71.8 ± 2.7
SuperTF Fiducial 72.6+7.1−6.3
Fixed 𝑣pec 72.0+7.0−6.5
Uniform distance prior 74.4+7.3−6.5
No group redshift correction 72.2+7.0−6.1
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Figure 9. 𝐻0 posteriors from the megamaser distances for different peculiar
velocity treatments. The red curves are obtained using the 2M++ velocity
field, while blue curves are obtained using the SuperTF velocity field. Dif-
ferent line styles corresponds to different model assumptions as indicated in
the plot. The Planck and SH0ES confidence intervals are shown with green
and orange vertical bands.
Distance priors: We use a volumetric prior on the distances. It
has been noted that assuming a wrong distribution biases the dis-
tance measurement, an effect usually called Malmquist (1920) bias,
although the first derivation of this effect is in Eddington (1914).
The fractional bias for a lognormal uncertainty is given as, 3Δ2,
where Δ is the fractional distance uncertainty (Lynden-Bell et al.
1988). Therefore assuming a uniform prior on the distances, instead
of a volumetric prior, will bias the distance measurements to a lower
value, leading to an inferred value of𝐻0 that is systematically biased
high. For the megamasers, the difference in the prior distribution
biases the value of 𝐻0 by ∼ 1 km s−1 Mpc−1 (see Table 3).
Group redshift corrections: As in the previous section, we use
the group mean redshifts for the megamaser galaxies to suppress
the non-linear velocity contributions. Except for NGC 4258, we
identify the groups from the 2M++ catalogue. In Kourkchi & Tully
(2017), it was noted that the NGC 4258 group is located directly in
the foreground of the NGC 4217 group. This can lead to mistaken
identification of the two groups into the same group. In the group
catalogue of 2M++, the two groups are identified into a single
group. Therefore, we use the group information for NGC 4258 from
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Figure 10. The 𝐻0 posterior for each of the individual megamasers for
our fiducial model assumptions with the 2M++ velocity field. NGC5764b
provides the tightest constraint on 𝐻0 among the 6 megamasers.
Kourkchi & Tully (2017). We note that for the MCP megamaser
sample, using the group redshift has a small effect, leading to a
value 𝐻0 that is 0.4 km s−1 Mpc−1 higher than when using the
galaxy redshifts.
Value of 𝜎𝑣 : We also checked the effect of using a different
value of 𝜎𝑣 for the peculiar velocity error. The 𝜎𝑣 = 150 km/s
uncertainty was obtained by calibrating our reconstruction with
simulations. If for some reason, the peculiar velocity error is un-
derestimated, the value of 𝜎𝑣 may be higher. We therefore test the
effect of adopting a larger uncertainty, 𝜎𝑣 = 200 km/s for our mea-
surements. The effect of different values of 𝜎𝑣 in non-trivial. As
expected, the uncertainty increases for the higher 𝜎𝑣 value. The
mean inferred value 𝐻0 is also 0.4 km s−1 Mpc−1 higher than for
the fiducial value of 𝜎𝑣 .
We present our results in Table 3, where the inferred value
of 𝐻0 for different model assumptions are reported for the 2M++
and the SuperTF peculiar velocity fields. For the SuperTF velocity
field, we add in quadrature to 𝜎𝑣 = 150 km/s, the measurement
uncertainty in the kernel-smoothed velocity field. As can be seen
in Figure 2, the distribution of SuperTF galaxies at high redshift is
sparse. Furthermore, as discussed in section 5.4, at higher redshift,
the peculiar velocity uncertainties are also larger. Hence, the ve-
locity corrections for the megamasers obtained using the SuperTF
field is a very noisy, leading to the much larger uncertainty in 𝐻0. In
the ‘fiducial model’, we marginalize over the line-of-sight peculiar
velocity, assume a volumetric prior for the distance, and the group
corrected redshifts are used. For 2M++, we assume 𝜎𝑣 = 150 km
s−1 for the fiducial model. The posteriors derived for the different
model assumptions are shown in Figure 9. As can be seen from the
figure, we find that using the SuperTF velocity field yields a much
larger uncertainty in 𝐻0 compared to the 2M++ velocity field. Of
the different assumptions that we checked, we highlight the impor-
tance of using a volumetric prior andmarginalizing the line-of-sight
peculiar velocity. For the 6 megamasers, a combination of these two
effects shifts the 𝐻0 posterior by ∼ 1𝜎. In Figure 10, we show the
𝐻0 posterior from each of the 6 individual megamasers. As can be
seen from the figure, NGC5764b provides the strongest constraints
among the 6 megamasers. We show the predicted redshift along the
line-of-sight of the megamasers from the 2M++ and the SuperTF
velocity fields in Figure 11. The inferred value of 𝐻0 is broadly
consistent with both the value of 𝐻0 as inferred by Planck and the
SH0ES collaboration.
7 DISTANCE AND PECULIAR VELOCITY OF NGC
1052-DF2
In an interesting result, van Dokkum et al. (2018) discovered that
a galaxy, NGC1052-DF2, contains little or no dark matter. This
challenges the conventional wisdom about galaxy formation and
shows that at least some galaxies may have baryonic component
without any dark matter in it. However, their result was contested by
Trujillo et al. (2019) where, using Tip of Red Giant Branch (TRGB)
and other distance measurements, the authors calculated a distance
of∼ 13Mpc to the galaxy as opposed to the earlier estimates of∼ 19
Mpc as derived from surface brightness fluctuations in van Dokkum
et al. (2018). An analysis adopting the shorter distance toNGC1052-
DF2 results in total-mass-to-stellar mass ratio, 𝑀halo/𝑀★ > 20 as
opposed to the value of order unity derived in van Dokkum et al.
(2018).
However, the shorter (13 Mpc) distance implies a radial pecu-
liar velocity of 640±25 km/s in the CMB frame for NGC 1052-DF2.
While Trujillo et al. (2019) claim that the spread of peculiar veloc-
ities in this region is high, we argue that most of this spread is due
to uncertainty in the distance indicator and does not reflect the real
velocity noise on the underlying flow field. For example, for the
TF and FP methods, the scatter in the distance indicator is ∼ 20%,
which translates to a scatter of ∼ 350 km/s in the peculiar velocity
from galaxy to galaxy at the distance of NGC 1052. In this section,
we infer the peculiar velocity of the galaxy by the two methods
previously described. The result of this analysis is shown in Figure
12. The mean redshift of the 9 members of the NGC 1052 group
(in which NGC1052-DF2 is assumed to reside) as identified in the
2M++ catalogue is 𝑐𝑧CMB = 1256 km/s. This is in agreement with
Kourkchi & Tully (2017), who find a mean CMB redshift of 1252
km/s from 16 group members. Note that this is considerably lower
than the CMB redshift of NGC 1052-DF2 itself (1587 km/s). Using
the 2M++ reconstruction, the peculiar velocity for NGC 1052 group
is 𝑣𝑟 = −162 ± 150 km s−1. Assuming 𝐻0 = 72 km s−1 Mpc−1,
this peculiar velocity implies a distance of 19.7± 2.1Mpc. The dis-
tance estimates are consistent with the Fundamental Plane distance
estimate for NGC1052, 𝑑 = 19.4± 2.4Mpc (Tonry et al. 2001) and
the SBF distances derived for NGC1052-DF2 itself, 19 ± 1.7 Mpc
and 20.4 ± 2.0 Mpc by van Dokkum et al. (2018) and Blakeslee
& Cantiello (2018), respectively. We find consistent results from
the kernel smoothing approaches: with a fiducial smoothing radius
of 8 ℎ−1 Mpc, with the 6dF velocity data there are a total of 9
6dF velocities within 1 kernel length of NGC1052-DF2 and these
yield a kernel-smoothed mean velocity of 𝑣𝑟 = −124 ± 165 km
s−1. With the SuperTF data, the kernel smoothed mean velocity is
𝑣𝑟 = −191±155 km s−1 from 32 SuperTF velocities within 1 kernel
length of NGC 1052-DF2.
We also consider the possibility that NGC 1052-DF2 may be
in the foreground of the NGC 1052 group with a distance of ∼ 13
Mpc. In this case, if it is isolated, then the peculiar velocity needed
to explain its redshift is ∼ 600 km s−1. In Figure 13, we plot the
predicted redshift along the line-of-sight of NGC1052-DF2 for the
different peculiar velocity models. As can be seen from the Figure,
there are no locations in the foreground of the NGC 1052 group
with such high outward radial peculiar velocity.
More recently, Monelli & Trujillo (2019) have suggested that
NGC1052-DF2 is a member of a foreground group dominated by
the spirals NGC1042 and NGC1035 at a distance of ∼ 13.5 Mpc.
The mean CMB velocity of these two galaxies is 1184 km/s, which
would mean that NGC 1052-DF2 would have a peculiar velocity of
403 km/s with respect to this poor group: unlikely, but perhaps not
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Figure 11. The predicted CMB frame redshifts along the line-of-sights of the 6 megamasers. The red shaded region shows the distance uncertainty as measured
by Pesce et al. (2020). We use ℎ = 0.72 to convert the angular diameter distances to 𝑟 (measured in ℎ−1 Mpc). The black horizontal line is the observed CMB
frame redshift, with the group corrections. The green and the blue shaded region is the uncertainty in the predictions of 𝑐𝑧 from 2M++ and SuperTF fields
respectively.
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Figure 12. Same as Figure 6 but for NGC1052-DF2.
impossible if NGC1052-DF2 is close to the bottom of the group’s
potential well and is falling in directly along the line-of-sight. How-
ever the group itself, if at a distance of 13.5Mpc, would have a CMB
frame peculiar velocity (assuming 𝐻0 = 72 km s−1 Mpc−1) of +212
km/s, where the 2M++ predicted peculiar velocity is −139 ± 150
km/s, a discrepancy significant at the ∼ 2.3𝜎 level. Turning the
problem around, to be consistent with the 2M++ predictions, the
group’s distance must be greater than 14.2 Mpc at the 95% confi-
dence level. Therefore, we conclude that a short distance is not a
likely explanation for the anomalously low darkmattermass fraction
of NGC 1052-DF2.
8 SUMMARY
Unbiased estimates of peculiar velocity are essential for different
applications in cosmology and galaxy formation. There are different
methods of estimating the peculiar velocities of galaxies, e.g, using
reconstruction of the density field in the local Universe or by kernel
smoothing the peculiar velocity data. In this work, we compared
the performance of different peculiar velocity models of the local
Universe. The first model we studied is the reconstructed velocity
field from the 2M++ redshift compilation. The others are based on
an adaptive kernel smoothing technique, which we apply on the
6dF peculiar velocity data and SuperTF, a compilation of the Tully-
Fisher peculiar velocity data from SFI++ and 2MTF. We highlight
that, when using a smoothed velocity field, we need to rescale
MNRAS 000, 1–14 (2020)
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Figure 13. Predicted 𝑐𝑧CMB as a function of distance along the line of sight
to NGC 1052-DF2. We use ℎ = 0.72 to convert the distance in ℎ−1 Mpc to
absolute distance. The shaded regions for the 2M++, 6dF and the SuperTF
radial velocities (shown in green, red and blue respectively) signify the 1𝜎
errors associated with the velocity estimates. The observed redshift for NGC
1052-DF2 is shown with a dotted black line. The redshift of the NGC 1052
group is shown with a solid black line. The orange vertical band shows
the surface brightness fluctuation distance to NGC 1052 from van Dokkum
et al. (2018). The vertical cyan band shows the distance for NGC 1052-DF2
advocated by Trujillo et al. (2019).
the predictions by a scaling factor to get unbiased estimate of the
peculiar velocity. We compared the peculiar velocity predictions
to a few test data sets using a simple comparison of the mean
squared error and a forward likelihood method. We find that the
2M++ reconstruction performs better than both the kernel smoothed
peculiar velocity data for all the peculiar velocity test data sets across
all range of redshifts.
We also compared the peculiar velocity estimates from these
different methods for a few specific galaxies. First, we investigated
the implications of our peculiar velocity fields for the measure-
ment of 𝐻0 from standard sirens and megamasers. In doing so, we
introduced a probabilistic framework where we marginalize over
the line-of-sight peculiar velocity to accurately capture the effect
of peculiar velocity corrections. NGC4993 was the host galaxy for
the first binary neutron star event detected by LIGO. Because of
it nearby location, accurate peculiar velocity is required to cor-
rect the redshift of the galaxy in order to obtain the measurement
of the Hubble constant. The different models considered in this
work give remarkably consistent peculiar velocity estimates for the
galaxy. For NGC4993, we notice that marginalizing over the line-
of-sight peculiar velocity inflates the uncertainty on 𝐻0 by a factor
of ∼ 1.5. Another distance indicator that does not rely on interme-
diate distance calibrator is megamaser. We also checked the effects
of different assumptions about the peculiar velocity correction on
the inferred value of 𝐻0 from the megamasers. We highlight two
key factors that can significantly bias the inferred value of 𝐻0 from
the megamasers: i) using the wrong prior for the distances, and ii)
not marginalizing over the line-of-sight peculiar velocity. With our
fiducial model assumptions with the 2M++ velocity field, we find
𝐻0 = 69+2.9−2.8 km s
−1 Mpc−1, which is ∼ 1.5𝜎 lower than the value
obtained by the SH0ES collaboration from Type Ia supernovae. Fi-
nally, we also investigate the peculiar velocity of NGC 1052-DF2,
which is an ultra-diffuse galaxy that has been claimed to be almost
free of dark matter. This result has been contested with the claim
that a shorter distance to the galaxy solves the anomalous stellar
mass fraction. However, we find that this claim is not supported by
the models of peculiar velocity that we use in our study.
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APPENDIX A: TESTS WITH SIMULATIONS
In Section 4,we used a value of 𝑅unbiased, which denotes the smooth-
ing scale at which the predictions from kernel smoothing of peculiar
velocities give an unbiased result. In this section, we determine the
value of this scale using an N-body simulation. We used a N-body
simulation from the VELMASS simulation suite4. The VELMASS
simulation we use was performed in a cubic box of size 2 ℎ−1 Gpc
with a total of 20483 particles with mass 9.387 × 1010 ℎ−1𝑀 .
The cosmological parameters for this simulation are as follows:
Ω𝑚 = 0.315,Ω𝑏 = 0.049, 𝐻0 = 68 km s−1 Mpc−1, 𝜎8 = 0.81,
𝑛𝑠 = 0.97 and 𝑌He = 0.248. We identified the halos in the simu-
lation with the ROCKSTAR halo finding software (Behroozi et al.
2013), using only the halos of mass larger than 2 × 1012 ℎ−1𝑀 .
We used the halos within a (250 ℎ−1 Mpc)3 sub-box of the full
simulation. We do not consider the sub-halos. There were a total of
32784 halos in this region. We then split these halos into two sets - a
‘tracer’ sample which is used to obtain the kernel smoothed velocity
and a ‘test’ sample, for which the predicted velocity is compared to
the true velocity.
4 See Kodi Ramanah et al. (2019) for more details on the simulation
We use three different number densities for the tracer popula-
tion to validate the prediction. In the fiducial configuration, we used
12000 randomly selected tracer velocities to predict the velocity.
This roughly corresponds to the tracer density of the 2MTF survey.
In addition to this fiducial tracer density, we also used a high (low)
tracer density configuration with 24000 (6000) randomly selected
tracers. For each of these tracer densities, we compared the pre-
dicted velocity of the test halos to its true velocity, thus fitting for
the scaling factor, 𝐴 and the velocity error, 𝜎𝑣 . The scaling factor
scales the predicted velocity such that,
Vtrue = 𝐴Vpred. (A1)
Also note that, for the simulations, we are smoothing the full 3-
dimensional velocity and not just the radial velocity. The value of
the 𝐴 and 𝜎𝑣 is fitted for different smoothing scales. The results of
these fits are shown in Figure A1. As expected, the velocity error,
𝜎𝑣 is larger for the sample with low tracer density. For each of the
three tracer densities, the unbiased smoothing length is around 3-
5 ℎ−1 Mpc. There is, nevertheless, a dependence of this scale on the
tracer density - for a higher tracer density, the unbiased smoothing
scale is lower. A similar trend is also obtained for the scale where
the velocity error is minimum (See the right panel of Figure A1).
APPENDIX B: RESULTS FOR THE POSTERIOR RATIO
In section 5.2, we used Bayesian model comparison to compare
the reconstructed peculiar velocity field from 2M++ with the adap-
tive kernel-smoothed velocity fields. In doing so, we compared the
posterior ratios using the forward likelihood presented in the same
section. We present the values of the posterior ratios in Tables B1
and B2, where we compared the adaptive kernel-smoothed velocity
fields smoothed with a fiducial smoothing length of 8 ℎ−1 Mpc and
16 ℎ−1 Mpc respectively. The reported quantity is the ratio of likeli-
hood obtained for the 2M++ field and the adaptive kernel smoothed
field. We make various cuts in redshifts as indicated in the tables.
We compare the likelihoods bothwith (denoted as a superscript) and
without the scaling factor introduced in section 4. In the following
tables, a positive value for the posterior ratio implies that the 2M++
velocity field is preferred.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. The dependence of the (left) scaling factor, and (right) the velocity error, on the smoothing scale in our simulations. The blue, green and the red
curves show the results for the fiducial, high and low tracer density samples. For the scaling factor, we also plot the results from the linear theory. As can be
seen from the figure, the velocity error is lower for a high tracer density. Also note that the scale for unbiased velocity prediction depends on the tracer density
of the sample. For the sample with high tracer density, the smoothing scale of unbiased velocity predictions is lower.
Table B1. Ratio of log(P) calculated using the 2M++ reconstructed velocity field and the adaptive kernel smoothing technique for 6dF and SuperTF. For this
table, we used a fixed value of 𝜎𝑣 = 150 km s−1 and the fiducial smoothing length is 8 ℎ−1 Mpc. For each test set, we make cuts in the redshift as indicated.
The prefix ‘scaled’ denotes that the kernel-smoothed velocity is scaled up by a scaling factor. The scaling factor for 8 ℎ−1 Mpc smoothing is 1.07.
Test set Redshift selection ln
(
P2M++
P6dF
)
ln
(
P2M++
Pscaled6dF
)
ln
(
P2M++
PSuperTF
)
ln
(
P2M++
PscaledSuperTF
)
𝑁tracers
A2-South 𝑐𝑧 < 3000 km/s 2.21 2.70 2.41 2.88 16
𝑐𝑧 < 4500 km/s 2.33 3.86 5.07 5.89 32
𝑐𝑧 < 6000 km/s 5.21 6.05 8.85 10.21 53
𝑐𝑧 < 9000 km/s 9.19 10.58 15.56 17.80 79
A2-low-𝑧 𝑐𝑧 < 3000 km/s — — 11.38 11.95 49
𝑐𝑧 < 4500 km/s — — 20.76 21.89 92
𝑐𝑧 < 6000 km/s — — 49.82 52.86 168
𝑐𝑧 < 9000 km/s — — 85.92 92.90 310
2MTF 𝑐𝑧 < 3000 km/s 24.6 24.4 — — 108
𝑐𝑧 < 4500 km/s 39.00 36.28 — — 247
𝑐𝑧 < 6000 km/s 55.65 53.06 — — 379
𝑐𝑧 < 9000 km/s 69.49 69.01 — — 483
SFI++ Groups 𝑐𝑧 < 3000 km/s 12.08 11.88 — — 61
𝑐𝑧 < 4500 km/s 9.35 9.29 — — 100
𝑐𝑧 < 6000 km/s 18.89 17.87 — — 165
𝑐𝑧 < 9000 km/s 18.78 17.78 — — 170
SFI++ Field 𝑐𝑧 < 3000 km/s 9.94 9.01 — — 63
𝑐𝑧 < 4500 km/s 5.72 5.24 — — 153
𝑐𝑧 < 6000 km/s 13.52 11.70 — — 388
𝑐𝑧 < 9000 km/s 53.66 44.29 — — 736
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Table B2. Same as table B1, but with a fiducial smoothing length of 16 ℎ−1 Mpc. The scaling factor for 16 ℎ−1 Mpc smoothing is 1.16.
Test set Redshift selection ln
(
P2M++
P6dF
)
ln
(
P2M++
Pscaled6dF
)
ln
(
P2M++
PSuperTF
)
ln
(
P2M++
PscaledSuperTF
)
𝑁tracers
A2-South 𝑐𝑧 < 3000 km/s 2.39 2.61 3.01 3.11 23
𝑐𝑧 < 4500 km/s 4.37 4.48 6.19 6.47 42
𝑐𝑧 < 6000 km/s 6.18 6.33 9.70 10.08 66
𝑐𝑧 < 9000 km/s 8.01 8.05 12.83 12.83 94
A2-low-𝑧 𝑐𝑧 < 3000 km/s — — 9.96 9.56 49
𝑐𝑧 < 4500 km/s — — 17.50 16.80 92
𝑐𝑧 < 6000 km/s — — 42.78 42.42 168
𝑐𝑧 < 9000 km/s — — 69.66 68.81 310
2MTF 𝑐𝑧 < 3000 km/s 20.81 18.51 — — 118
𝑐𝑧 < 4500 km/s 45.63 39.00 — — 282
𝑐𝑧 < 6000 km/s 59.87 51.25 — — 443
𝑐𝑧 < 9000 km/s 68.19 59.85 — — 563
SFI++ Groups 𝑐𝑧 < 3000 km/s 8.36 7.18 — — 70
𝑐𝑧 < 4500 km/s 7.22 5.17 — — 119
𝑐𝑧 < 6000 km/s 10.19 7.56 — — 198
𝑐𝑧 < 9000 km/s 9.99 7.33 — — 203
SFI++ Field 𝑐𝑧 < 3000 km/s 8.93 9.32 — — 75
𝑐𝑧 < 4500 km/s 5.16 4.58 — — 180
𝑐𝑧 < 6000 km/s 9.40 7.14 — — 450
𝑐𝑧 < 9000 km/s 10.87 10.86 — — 863
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